PCR was performed on DNA extracts derived from clinical serum samples submitted for human herpesvirus 6 (HHV-6) serological examination. To detect amplified HHV-6 products, a hybridization-based microtiter plate assay (PCR ELISA; Boehringer Mannheim) was used. The assay system was found to be rapid, specific, and sensitive. Approximately three copies of a plasmid-based HHV-6 sequence could be detected, and no cross amplification was observed with HHV-7 genomic DNA. There was no correlation found between HHV-6 DNA detection and serological status in clinical serum samples from individuals more than 2 years old. On the other hand, in serum samples from infants less than 2 years old, a high rate of detection of HHV-6 DNA was observed in those who lacked immunoglobulin G and M antibodies to HHV-6 (55%). In this regard, PCR of serum DNA extracts may be used as a sensitive indicator of active HHV-6 infection in infants prior to their seroconversion.
Primary infection with human herpesvirus 6 (HHV-6) causes exanthem subitum (ES), which is characterized by fever lasting approximately 3 days followed by a rash (3, 41) . Seroprevalence among the population is greater than 90% (22) , suggesting that HHV-6 is ubiquitous in the population. Seroconversion occurs early in life following the usually benign clinical course of ES (28, 33) . However, more serious outcomes of HHV-6 infection have been known to occur (26) , therefore illustrating the need for a rapid and sensitive diagnostic system. Currently the most common means of laboratory diagnosis of HHV-6 is by antigen detection from cultured specimens or antibody detection. PCR amplification of a variety of clinical samples, such as peripheral blood mononuclear cells (PBMC) or saliva (1, 8, 16) , cerebrospinal fluid (42) , urine (27) , or tissue biopsy (32, 39) has shown variable detection rates of HHV-6 DNA. As HHV-6 establishes latency in various sites such as PBMC and salivary glands (20, 23, 32) , the detection of viral DNA in these clinical samples provides no information to differentiate between active HHV-6 infection and latent or persistently shed virus. In this regard, plasma or serum samples are more suitable for the detection of HHV-6 DNA. In this report we describe the evaluation of a nonradioactive hybridization microtiter plate assay for detection of amplified DNA from clinical serum samples.
MATERIALS AND METHODS
Clinical serum samples. One hundred and five serum samples submitted from various provinces of Canada for routine HHV-6 serological analysis were included in the present study. Stored serum samples (Ϫ20°C) were chosen retrospectively based solely upon their anti-HHV-6 immunoglobulin G (IgG) or IgM titer. All sera were numerically encoded by a different investigator and were then analyzed sequentially by number. The investigator analyzing specimens for HHV-6 DNA was unaware of the age and clinical history of the individual from whom the serum sample was taken. Serum stored for as long as 5 years was included; however, the majority of serum samples used in the present study were received within the past year. Twenty-four serum samples, including one pooled serum sample from apparently healthy adult donors, collected by the Canadian Red Cross, were included as a control. These 24 samples were submitted from donors without any apparent symptoms to the Laboratory Centre for Disease Control as control samples in a measles-rubella serosurvey.
Clinical histories including symptoms or condition associated with presentation to the physician, date of birth, and date of serum collection were available for each serum sample. For this study, data from samples without a symptom description were excluded.
Virus and cell culture. The GS strain of HHV-6 was grown in HSB2 cells for a source of infected tissue culture supernatant by the method of Parker and Weber (29) . HSB2 cells, a T-cell line (ATCC CCL 120.1), were cultured in Iscove's modified Dulbecco's medium supplemented with 10% fetal bovine serum and 2% penicillin-streptomycin (Gibco Laboratories, Burlington, Ontario, Canada).
Antibody detection. IgG and IgM antibodies to HHV-6 were detected by an enzyme-linked immunosorbent assay (ELISA) by the method of Parker and Weber (29) . In brief, HHV-6 antigen was prepared from virus-infected HSB2 cells. Infected cells were manually lysed, and the clarified lysate was used to coat microtiter plates (Immulon 2; Dynatech, Mississauga, Ontario, Canada). Control antigen was prepared from uninfected HSB2 cells in an identical manner. Following overnight incubation at room temperature to coat the wells, wells were blocked with 1% bovine serum albumin in phosphate-buffered saline (PBS).
For antibody testing, serum was diluted in PBS containing 1% bovine serum albumin and 0.05% Tween 20 (PBS-BT) and added to wells for a 1-h incubation at 37°C. For IgM determination, serum samples were pretreated with RF-Absorbant (Hoechst-Behring, Kanata, Ontario, Canada) to absorb interfering IgG and rheumatoid factor. The wells were then washed with PBS containing 0.15% Tween 20, alkaline phosphatase-conjugated goat anti-human IgG or IgM (Kirkegaard-Perry, Burlington, Ontario, Canada) diluted in PBS-BT was then added to each well, and the plate was incubated for 1 h at 37°C. The plate was then washed, and p-phenylnitrophosphate substrate (Sigma, St. Louis, Mo.) in 10% diethanolamine buffer was added. Absorbance of the wells was measured over the range of 405 to 650 nm after approximately 45 min of color development at room temperature.
The negative cutoff value was calculated as the absorbance reading equal to the mean absorbance of three values from negative-control sera. Sera were considered positive for IgM or IgG if the absorbance value was greater than 3 standard deviations (SD) above the negative cutoff value. Samples were considered indeterminate if the absorbance value fell between the negative cutoff value and 3 SD above the negative cutoff. Samples that were indeterminate were retested. In order to standardize all results, each test included a standard curve of diluted serum from an anti-HHV-6 IgM and IgG high responder.
Extraction of DNA. DNA extraction from serum samples and tissue culture supernatant controls was performed by the methods detailed in Kramvis et al. (21) , with some modifications. Serum (150 l) was extracted with a proteinase K-sodium dodecyl sulfate (SDS) extraction mix (267 g of proteinase K per ml, 1% SDS, 2.5 mM EDTA, 25 mM sodium acetate) by incubation at 70°C for 2 h. DNA was then purified by phenol-chloroform extraction and ethanol precipitation. The resulting DNA pellet was resuspended in 20 l of sterile water and incubated at 95°C for 10 min in order to reduce or inactivate PCR inhibitory factors (12) . DNA extracts were then allowed to cool and were amplified immediately. HHV-6-infected tissue culture supernatant served as a positive extraction control, while tissue culture supernatant from uninfected cells was used as a negative extraction control.
Amplification of HHV-6 DNA. Serum DNA extracts were selectively amplified for HHV-6 DNA by PCR using sequence-specific primers for a 249-bp portion of the large-tegument protein gene of HHV-6 by the method of Collandre et al. (7) : HHV6 A 5Ј GATCCGACGCCTACAAACAC 3Ј; HHV6 B , 5Ј TACCGACA TCCTTGACATATTAC 3Ј. This primer set has previously been shown to be specific for HHV-6 and to not amplify DNA from other members of the herpesvirus family including cytomegalovirus (CMV), Epstein-Barr virus, varicellazoster virus, and herpes simplex viruses 1 and 2 (7, 26, 34, 39) . PCRs were performed in a final volume of 40 l, which included 6.5 l of DNA extract, 1 U of Taq DNA For a positive control, an 830-bp portion of the large-tegument protein gene was cloned in the pCRII TA cloning vector (Invitrogen, San Diego, Calif.). The 830-bp segment was amplified from DNA extracted from HHV-6-infected HSB2 cells, using primers A and C as described by Collandre et al. (7): HHV6 A as above and HHV6 C , 5Ј CGGTGTCACACAGCATGAACTCTC 3Ј. HHV6 C is upstream of the HHV6 B sequence; therefore, the 249-bp target sequence forms a part of the 830-bp segment and can be amplified by HHV6 A and HHV6 B . For evaluation of assay sensitivity, serial dilutions of plasmid copies (HHV6AC) were used to spike serum samples previously shown to be consistently negative by the assay procedure. Spiked sera were extracted as described above, and the DNA was amplified by PCR.
To prevent possible PCR contamination and false-positive results, many precautions were taken. Each step of the assay procedure, including reagent premix preparation, DNA extraction, amplification, and detection, was performed in a different room. Reserved lab coats, pipettors, aerosol-barrier tips, tubes, and reagents were kept in each room, and fresh gloves were worn at all times with frequent changes. A face mask was also worn during addition of DNA to amplification reaction tubes. Negative controls included a DNA-minus control (H 2 O) and a non-HHV-6 DNA control. At least two negative controls were used for analysis of up to 10 clinical samples. To prevent false-negative results, amplification reaction premixes were prepared and aliquoted, and DNA extracts giving negative PCR results were spiked with approximately 100 HHV6AC plasmid copies to test for PCR inhibitors (8, 18, 24) . All DNA extracts were amplified in duplicate or triplicate.
Detection of amplified products. Amplified products were detected by a commercially available liquid hybridization-based microtiter plate assay (PCR ELISA; Boehringer Mannheim). The manufacturer's recommendations were followed, with several steps changed for optimal sensitivity. A biotin end-labelled HHV-6 oligonucleotide probe, prepared according to the sequence given by Aubin et al. (4) (5Ј GGCTGATTAGGATTAATAGGAGA 3Ј) was diluted to a final concentration of 8 pmol/ml to serve as a capture probe during hybridization. Thirty microliters of DIG-labelled amplicon was assayed per well, and hybridization occurred for 3 h at 37°C with shaking of the microtiter plate. Hybridized products which bound to streptavidin-coated microtiter plate wells via the biotinlabelled capture probe were then detected by standard ELISA procedures. An anti-DIG peroxidase-labelled conjugate antibody and peroxidase substrate permit a colorimetric reaction dependent upon the presence and amount of amplified product. All plates were measured for absorbance at 405 nm following a 30-min color development incubation at 37°C.
To compare the sensitivity of detection by the microtiter plate assay, amplified products were also electrophoretically separated on 4% NuSieve agarose (FMC Bioproducts, Guelph, Ontario, Canada) gels and stained with ethidium bromide.
Antigen capture ELISA. Detection of HHV-6 antigen in serum was performed by use of a commercially available HHV-6 antigen capture ELISA kit (Advanced Biotechnologies Inc., Columbia, Md.). The ELISA kit permits direct detection of HHV-6 antigen in human serum through antigen capture by an HHV-6-specific monoclonal antibody. Serum samples, tissue culture control samples and the kit positive control were analyzed in duplicate, while the kit negative control was run in triplicate for each test. Captured antigen was detected by a peroxidaseconjugated anti-HHV-6 monospecific antibody, according to the manufacturer's instructions. The cutoff value was the absorbance reading equal to twice the mean absorbance of three values from negative-control wells. Optical density (OD) ratios were then calculated by dividing the absorbance of each sample well by the cutoff value. OD ratios greater than or equal to 1.0 were considered positive, while those less than or equal to 0.75 were considered negative. Any OD ratios falling between the two values were considered indeterminate, and these samples were then reassayed.
Statistical analysis. The Chi-square test was used to analyze the significance of differences in serology and DNA detection in the age groups.
RESULTS
Clinical samples. One-hundred and forty-seven serum samples were chosen retrospectively based upon their HHV-6 serology and processed for DNA detection by PCR ELISA. Of these samples, 105 had reference to patient symptoms on their clinical history and so were included in the final data analysis. Fifty-six samples were HHV-6 IgG negative. Forty-nine samples were HHV-6 IgM indeterminate or positive. Sixty-seven of the patient clinical histories included a mention of fever, febrile episodes, or rash or roseola, while the other clinical histories mentioned the following (number of individuals shown in parentheses): spina bifida (1), hepatosplenomegaly (1), cellulitis (1), pancytopenia (1), pancreatitis (1), transplant (7), encephalitis (2), surgery (1), chronic fatigue (11), renal failure (1), lymphadenopathy (2), respiratory or gastrointestinal symptoms (3), malaria (1), weight loss (1), arthritis (1), lethargy (2), and nephrotic syndrome (1). Forty-four samples were from individuals less than 2 years old (mean, 11 months; median, 11 months; range, 2 months to 1 year 9 months), and 61 samples were from individuals older than 2 years (mean, 20 years 1.5 months; median, 14 years 9 months; range, 2 years 3 months to 50 years 7 months).
Specificity and sensitivity of PCR ELISA. Amplification of DNA extracts resulted in a 249-bp band when detected by agarose gel electrophoresis and ethidium bromide staining (Fig. 1, lane 4) . By ELISA detection, a sample was determined to be negative for HHV-6 DNA if the OD value was less than the background cutoff value. The background cutoff value was calculated as the mean of all negative-control OD values plus 3 SD of the mean. The background cutoff value was generally within the range of 0.010 to 0.050 OD units. A sample was considered positive for HHV-6 DNA if the OD value was greater than twice the background cutoff value, while OD values which fell between the background cutoff value and twice this value were considered indeterminate. All reagent control and kit control OD values were found to fall within the kit manufacturer's guidelines.
Amplification of DNA extracts was performed in duplicate, and agreement among duplicate runs was obtained in all cases except six. In the cases where discrepant results were obtained between runs, the sample was reextracted and the DNA was amplified in duplicate again. All 6 reextracted samples gave concordant results. Ten samples which gave an indeterminate ELISA result were found to be negative upon repeated PCR, except for four samples which became positive. No PCR inhibitors were encountered following extraction, as all DNAnegative samples which were spiked with approximately 100 HHV6AC plasmid copies became positive for DNA following PCR ELISA.
The specificity of the primers used for HHV-6 was demonstrated by a lack of amplification of HHV-7 DNA (data not shown). When DNA extracted from HHV-7-infected HSB2 cells (a kind gift of Jodi Black, Centers for Disease Control and Prevention, Atlanta, Ga.) was amplified with the HHV-6 primer set used in the present study, no HHV-7 amplicon band was observed following gel electrophoresis. HHV-7 DNA was confirmed to be present in the extract by amplification with HHV-7-specific primers. DNA extracted from CMV (Ad169 and Davis strains)-infected MRC-5 cells was also observed to not be amplified by the HHV-6 primers used (data not shown).
The sensitivity of DNA detection by PCR ELISA was approximately 30-to 50-fold greater than detection by electrophoresis and ethidium bromide staining. As observed in Fig. 1 , the lower limit of visual detection by gel electrophoresis was between 50 and 100 plasmid copies, which was equivalent to between 2 and 3 OD units. The PCR ELISA, on the other hand, had a positive cutoff OD value of 0.058, therefore increasing detection sensitivity by 30-to 50-fold over detection by gel electrophoresis. The limit of detection following extraction, amplification, and detection by PCR ELISA was investigated by extraction and amplification of HHV-6-negative serum spiked with serial dilutions of HHV6AC plasmid copies. Experiments were run in duplicate, and the mean OD values for each plasmid dilution extract were plotted (Fig. 2) . Detection down to approximately three plasmid copies (approximately 0.015 fg of HHV6AC plasmid) was observed, which is comparable or better than detection limits previously published for HHV-6 DNA in serum and PBMC (1, 8, 10, 13, 14, 31, 34, 38, 40) . HHV-6 DNA was detected in 21% (5 of 24) of control sera from apparently healthy adults, which is similar to the percentage of healthy adults having HHV-6 antigen-positive sera (21 to 25%) (25) .
DNA detection in clinical serum samples. Serological and DNA detection data were compiled according to the age of the individual (Table 1 ) to illustrate differences in the two age groups. The majority of serum samples from infants less than 2 years old were found to lack HHV-6 IgG and IgM, while most older patients had evidence of seroconversion (P Ͻ 0.001). We observed significant differences in the rate of DNA detection in the two age groups, such that the rate of HHV-6 DNA detection was higher with the majority of infant samples (less than 2 years old) than with samples from older patients (P Ͻ 0.001). More importantly, within the infant serum group, we observed a high rate of DNA detection among samples lacking antibody to HHV-6. Specifically, 55% (16 of Seven individuals were noted to have symptoms of seizure, convulsion, meningitis, or encephalitis included on their clinical history. Two of these individuals were HHV-6 DNA negative (ages, 4 months and 37 years), while the remaining five were infants less than two years old, lacking IgG to HHV-6 but positive for HHV-6 DNA in their serum. Therefore, we observed an occurrence of 19% (5 of 26) of infants infected with HHV-6 experiencing neurological symptoms, which although in the range of previous reports (5, 13) may not necessarily constitute a causal role for HHV-6 in the neurological symptoms experienced by these infants.
Detection of HHV-6 antigen in serum. The detection capability of the PCR ELISA for HHV-6 was compared to the detection of HHV-6 antigen in the same sample by use of a commercially available HHV-6 antigen capture ELISA kit. All kit control wells gave absorbance readings equivalent to those recommended by the manufacturer for proper quality control. As the HHV-6 antigen is inherently unstable in serum (25) , relatively fresh serum samples which had been recently submitted to our laboratory for HHV-6 serological analysis were chosen. Of 27 samples tested, 22 (81%) had concordant results for antigen and DNA detection. Six samples were both DNA and antigen positive, while 16 samples were both DNA and antigen negative. Of the five remaining samples, three of those in which HHV-6 antigen was detected were DNA negative, while two samples had detectable HHV-6 DNA but no antigen. (23) 3 (21) 11 (79) a Symbols: ϩ, positive; Ϫ, negative.
DISCUSSION
significant increase in antibody titer to HHV-6. Both methods require at least 1 week for detection, and in the case of serological analysis, a second blood sample must be taken. The presence of a high IgM titer is also construed as evidence of a recent infection or reactivation; however, 4 to 5% of healthy adults have IgM antibodies to HHV-6 at any one time (13, 36) and IgM antibody can persist for months following infection (29) . Also, there is the possibility that anti-HHV-6 IgM increases during Epstein-Barr virus or CMV infection or reactivation (11, 15) . Detection of viral DNA by PCR offers some hope for a rapid, specific, and sensitive approach to diagnosing active HHV-6 infection. The use of various cellular clinical specimens for PCR increases the risk of detecting latent or persistently shed virus, particularly if the clinical specimens are PBMC or saliva samples. In these cases, the presence of active HHV-6 infection is difficult to interpret without quantitative analysis (6, 35) . Several studies have investigated the detection of HHV-6 DNA in serum (14, 34) , and it is apparent that serum or plasma offers a suitable alternative to cellular samples for PCR diagnosis of a current HHV-6 infection. The present study illustrates that the PCR ELISA method allows for specific and sensitive detection of HHV-6 DNA in clinical serum samples.
In our study, 93% of serum samples from infants less than 2 years old were found to lack IgG to HHV-6; however, approximately one-third of these infants had evidence of anti-HHV-6 IgM. This response pattern is indicative of primary infection with HHV-6 in these infants. At birth, infants carry maternally derived anti-HHV-6 IgG up until approximately 6 months of age, after which infection with HHV-6 usually occurs (14, 30, 33) . Antibody levels then increase over time, such that HHV-6 seroprevalence ranges up to 100% in children and adults (22) . This prevalence was also observed in our study, with 75% of individuals older than 2 years having anti-HHV-6 IgG.
Our study showed that with most individuals there is no correlation between the presence of anti-HHV-6 antibody and HHV-6 DNA in the serum. This finding is in agreement with previous studies which investigated antibody titer and the presence of DNA in PBMC (8, 16, 31, 40) . More significantly, however, we found that this lack of correlation appears to be age dependent. Approximately 70% of all samples from individuals older than 2 years were DNA negative regardless of their serological status. On the other hand, approximately 60% of all samples tested from infants less than two years old were DNA positive which corresponded to a lack of IgG to HHV-6 in these samples. This difference in DNA detection between the two age groups was found to be significant (P Ͻ 0.001).
In this regard, PCR ELISA appears highly suited for diagnosis of ES in infants. PCR is better suited than antibody detection in this case, as several weeks are required for paired samples to show IgG antibody increases and IgM is often not observed until a week or more has passed following symptom onset in infants (19) . This window of time presents problems for diagnosis of HHV-6 by currently available standard serological tests. Our observation of a high rate of detection of HHV-6 DNA in infant sera lacking antibody to HHV-6 suggests that PCR ELISA has great potential value for the early detection of infection during this critical window period. PCR ELISA is also ideal for analysis of large sample numbers, it is amenable for analysis of most fluid or tissue samples, it is suitable for automation, and results can be achieved within a day and a half. Most importantly though, observation of HHV-6 DNA in serum provides an accurate diagnosis of active HHV-6 infection (34), while its presence in PBMC or saliva samples may indicate only latent or persistently shed virus (1).
Serum is also the most common type of specimen collected from patients, and only a small volume is required for DNA extraction.
The detection of HHV-6 DNA in clinical serum samples and tissue culture controls by PCR ELISA was compared to the detection of HHV-6 antigen in the same samples by use of a commercially available HHV-6 antigen capture ELISA (Advanced Biotechnologies, Inc.). We found an 81% concordance between the two detection procedures which was equivalent to the 75% concordance between antigen detection in sera and specimen cultivation assays, as described in the antigen capture kit insert. Therefore, PCR ELISA was able to sensitively differentiate the presence of HHV-6 DNA in serum at a rate comparable to the rate of detection of viral antigen in the same serum sample. However, PCR ELISA may have certain advantages over the detection of HHV-6 antigen, including the increased stability of sample DNA over sample antigen (25) , and the potential capability to differentiate HHV-6 strains using strain-specific primer or probe sequences (4).
The low incidence of DNA-positive samples from individuals older than 2 years suggests that analysis by PCR may not be as instructive as culture or serology for diagnosis of reinfection or reactivation. We may observe a higher rate of DNA detection in the infant samples due to infants possibly suffering a higher viral load during primary infection. Another possible reason for our observing HHV-6 DNA in infant sera was the lack of antibody to HHV-6 in these samples. Ninety-three percent of all infant samples lacked anti-HHV-6 IgG, and only one-third had anti-HHV-6 IgM. It has been shown that a direct relationship exists between the disappearance of HHV-6 from the blood and the presence of increasing antibody levels (2, 37) . Therefore, free virus in serum may be more difficult to detect in seroconverted children and adults than in infants undergoing primary infection following loss of protective maternal antibodies.
We observed that 21% of control sera from apparently healthy adults were HHV-6 DNA positive. Other groups (9, 14, 34) , have not observed amplifiable HHV-6 DNA in sera from healthy controls. It has been shown in numerous studies that HHV-6 prevalence in peripheral blood samples from healthy donors ranges widely, up to 90% (1, 9, 31, 40) and that a positive result is dependent upon the number of cells tested (8, 10, 16) . It is also known that a high HHV-6 load can persist in the blood of an apparently healthy individual (6) and that up to 25% of healthy donors have HHV-6 antigen-positive sera (25) . Therefore, the differences encountered with the present study may result from different rates of active HHV-6 infection within the population, differences in the amount of DNA tested, or differences in sensitivity among PCR assays. Our detection limit of approximately three plasmid copies by PCR ELISA may have permitted a more sensitive evaluation of the prevalence of HHV-6 in apparently healthy, asymptomatic adult donors.
HHV-6 has been associated with severe infection in infants resulting in convulsive seizures or encephalitis (13, 26, 30) . In cases such as these, rapid and accurate diagnosis of HHV-6 by PCR may be important for implementing possible treatment options such as foscarnet or ganciclovir to which HHV-6 is susceptible (17) . In this manner, detection of HHV-6 DNA in serum by PCR ELISA may be an effective tool for diagnosis of HHV-6 infection in infants.
